Signature of Majorana Fermions in Charge Transport in Semiconductor Nanowires 
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We investigate the charge transport in a semiconductor nanowire that is subject to a perpendicular 
magnetic field and in partial contact with an 5-wave superconductor. We find that Majorana 
fermions, existing at the interface between superconducting and normal sections of the nanowire 
within certain parameter region, can induce resonant Andreev reflection of electrons at the interface, 
which yields a zero energy peak in the electrical conductance of the nanowire. The width of the 
zero energy conductance peak for different experimental parameters is characterized. While the zero 
energy peak provides a signature for Majorana fermions in one dimensional nanowires, it disappears 
in a two-dimensional semiconductor thin film with the same experimental setup because of the 
existence of other edge states in two dimensions. The proposed charge transport experiment may 
provide a simple and experimentally feasible method for the detection of Majorana fermions in 
semiconductor nanowires. 

PACS numbers: 74.45.+C, 73.63.Nm, 03.67.Lx 
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I. INTRODUCTION 

Majorana fermions are quantum particles which are 
their own anti-particleai, unlike ordinary Dirac fermions 
where electrons and positrons (holes) are distinct. Re- 
cently, some exotic ordered states in condensed matter 
systems such as the Pfaffian states in fractional quantum 
Hall (FQH) systemsS.^^, chiral p-wave superconductors 
such as strontium ruthenate^^^ , chiral p-wave fermionic 
superfluids from p-wave Feshbach resonance^rJ^ , sur- 
face of a 3D strong topological insulator (TI}i^"i^, as junctio: 



well as semiconductor/superconductor heterostructures 
have been proposed as platforms supporting Majorana 
fermionsi2r— . The commonality between these systems 
is that they all allow quasiparticle excitations which in- 
volve no energy cost (the quasiparticle energy is ex- 
actly at the Fermi energy). The second quantized op- 
erators, 7i, of these zero-energy excitations are self- 
hermitian, 7J = 7^, which is the defining property of 
Majorana fermions. Essentially this self-hermitian prop- 
erty of Majorana fermions leads to a very non-trivial 
exchange statistics of these particles called non-Abelian 
statistics^i21. Although the emergence of Majorana ex- 
citations in low-temperature physical systems would by 
itself be a truly extraordinary phenomenon, they have 
also sparked tremendous recent interest because of their 
potential use in fault tolerant topological quantum com- 
putation (TQC)26'27. 

Despite the theoretical success, Majorana 
fermions have proven to be hard to observe in 
natural physical systems, such as chiral p-wave 
superconductors / superfluid o^i . To circumvent this 
problem, it has been proposed that Majorana fermions 
may be realized in much more physically robust s-wave 
superconductors/superfluids by utilizing two additional 
components; Rashba spin-orbit coupling and Zeeman 
fields'^^'^^. In this context, it has been shown that a 
semiconducting thin film or nanowire with a sizable 
spin-orbit coupling and in proximity contact with an 



s-wave superconductor, can host Majorana fermion 
excitations localized near defects in the presence of a 
suitable Zeeman splittingi2r— . 

With the theoretical validation of the existence of Ma- 
jorana fermions in such semiconductor/superconductor 
heterostructures, one natural and important question to 
ask is how to detect Majorana fermions in experiments. 
Currently two types of experimental schemes have been 
proposed: the tunneling conductance (e.g., scanning tun- 
neling microscope (STM))^i2^i^i^ and the Josephson 



— . It was shown that there is a zero energy 
peak in the STM tunneling conductance when the un- 
derlying heterostructure is in a topological state with 
Majorana fermions, while the peak disappears when the 
heterostructure is in a non-topological state without Ma- 
jorana fermions. In the Josephson junction type of ex- 
periments, it was shown that the Josephson current has a 
period of 47r in the presence of Majorana fermions, in con- 
trast to the 27r period for a regular s-wave superconduc- 
tor without Majorana fermionE?2i2i"i2^. However, these 
experiments are generally very sensitive to temperature 
and external noise and are hard to realize. Nowadays, 
the observation of Majorana fermions is not yet reported 
experimentally. 

In this paper, we propose to detect Majorana fermions 
in a more common and robust charge transport type of 
experiments^ in the semiconductor / superconductor het- 
erostructure. The proposed experimental setup is illus- 
trated in Fig. 1, where one section of the semiconductor 
nanowire is in proximity contact with an s-wave super- 
conductor, while the other is in contact with an insulator. 
The electrical conductance is measured between the two 
ends of the semiconductor nanowire. At the interface be- 
tween these two sections of the nanowire, the transport of 
electrons is described by the Andreev reflection (AR)— . 
It is well known that when a normal metal is in con- 
tact with a superconductor, AR process dominates the 
charge transport if the energy of the incident particle lies 
inside the gap of the superconductor. AR is also a useful 



tool to measure spin polarization of ferromagnet^— and 
to probe unconventional superconductor—^—. Recently, 
AR has been studied in topological insulators to explore 
their exotic properties^"—. 

Because Majorana fermions occupy the zero energy 
state in the superconductor, their signature is generally 
expected to be a peak of the electrical conductance at the 
zero external voltage. However, in the regular AR be- 
tween a normal metal (or semiconductor) and a regular 
s-wave superconductor, the electrical conductance is al- 
ready the constant jh when the energy of the incident 
electron is in the superconductor gap region^. There- 
fore the signature of Majorana fermions may be hidden 
in the large regular AR signals and cannot be observed 
in experiments. In previous literature, the constant elec- 
trical conductance in the gap region can be removed by 
adding an insulating barrier between the metal and the 
superconductor--. Here we adopt the same approach and 
use an insulating (or potential) barrier to prevent the 
regular AR between the sections of the semiconductor 
nanowire with and without the contact with the s-wave 
superconductor . 

In this paper, we find that when the section of the 
nanowire in contact with the superconductor is in the 
topological state, there is a zero-bias peak in the electrical 
conductance. This zero energy peak originates from the 
Majorana fermions existing at the interface between the 
superconducting and normal states, which induces a reso- 
nant AR of electrons although the normal AR is strongly 
suppressed by the high potential barrier at the interface. 
The width of the zero energy conductance peak depends 
on the barrier height as well as the spin-orbit coupling 
strength. When the section of the nanowire in contact 
with the superconductor is in the non-topological state 
without Majorana fermions, there is no resonant AR at 
the zero energy and the zero-bias conductance peak dis- 
appears. In this case, the electrical conductance depends 
strongly on the number of conduction bands intercepted 
by the chemical potential. When only one conduction 
band is occupied by electrons, the electrical conductance 
at the zero bias is suppressed to zero^iiil, but increases 
with the increasing bias voltage. When both conduction 
bands are occupied, the suppression of the zero bias con- 
ductance in the single band case vanishes and the electri- 
cal conductance is similar as that for a junction between a 
normal metal and a regular s-wave superconductor. Fi- 
nally, we find that the zero-bias peak disappears in a 
two-dimensional semiconductor thin film in contact with 
an s-wave superconductor where the zero energy Majo- 
rana modes coexist with other edge modes with non-zero 
momentum and energy, which contribute to the conduc- 
tance signals at the non-zero energy. 

The paper is organized as follows: Section II de- 
scribes the proposed experimental setup and the Hamil- 
tonian. Section HI discusses the electrical conductance 
of the nanowire calculated using the Blonder-Tinkham- 
Klapwijk (BTK) theory"'^. We study the dependence 
of the electrical conductance on the spin-orbit coupling 
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FIG. 1: (Color online) Illustration of the proposed experi- 
mental scheme. The semiconductor nanowire is deposited on 
the top of an insulator and an s-wave superconductor. The 
dark shadow area in the nanowire represents a potential or 
an insulating barrier. The magnetic field is applied along the 
z direction. 



strength, the Zeeman field, and the barrier height. We 
extend our model and method to a two-dimensional semi- 
conductor thin film in section IV. Section V consists of 
the discussion and conclusion. 



II. PROPOSED EXPERIMENTAL SCHEME 
AND THE HAMILTONIAN 

The proposed experimental scheme is shown in Fig. 1. 
The semiconductor nanowire lying along the x direction 
is deposited on the top of an insulator and an s-wave 
superconductor heterostructure. Due to the proximity 
effect, the s-wave Cooper pairs can tunnel into the right 
section of the nanowire (x > 0), yielding a non-zero su- 
perconducting pairing order parameter Aq. In the left 
section of the nanowire (x < 0), Aq = 0. A magnetic 
field B is applied along the z direction, yielding a Zee- 
man field Vz — glnBB/2, where is the Lande factor, 
/is is the Bohr magnet. An insulating barrier (or po- 
tential) is applied at the interface x = between these 
two sections of the nanowire. Such a potential barrier 
may be realized by growing a thin junction with a differ- 
ent type of material around x = during the growth of 
the nanowire^^^, or by applying a gate voltage on the 
nanowire at a; = 0. 

The dynamics of electrons in the semiconductor 
nanowire can be described by the Bogoliubov-de-Gennes 
(BdG) equation. In the Nambu spinor space, the BdG 
equation can be written as H'i' = E'^, where the BdG 
Hamiltonian 



Ho 
~i(jyA* 



lay 



(1) 



with the quasiparticle wavefunction ^ = 
{u^{x)^u^{x)tVa;{x)tVi{x)Y' , where u{x) and v{x) 
are the particle and hole wavefunctions respectively. 
The single particle Hamiltonian 

Ho(x) ^ ^^1^ - apx(Ty -VzOz + Z5{x) - iJL, (2) 
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FIG. 2: (Color online) Energy spectrum for the semiconduc- 
tor nanowire. In the a; < part, the solid (dashed dotted) 
lines are for electrons (holes). Due to the superconducting 
coupling between hole and particle, the bulk gap is opened 
in the a; > part. The tunneling barrier is at a; = 0. ^ is 
chemical potential, which is the same for both parts. Filled 
circles represent incident (green), Andreev reflected (grey), 
and normal reflected (blue), respectively. The dimensionless 
parameters are a = 2, Ao = 0.2, = 0, and 14 = 0.5. 

where m* is the effective mass of the electron, a is the 
Rashba spin-orbit coupling interaction, Vz is the perpen- 
dicular Zeeman field, /i is the chemical potential in the 
semiconductor which is controlled by the density of doped 
electrons. For simplicity, we use Z5{x) to model the bar- 
rier potential at x = 0. The superconducting order pa- 
rameter A = Ao6'(a;), where the step function 0{x) ~ 1 
when a; > and 0{x) = when cc < 0. 

The energy spectrum for the left and right sections of 
the heterostructure is plotted in Fig. 2. In the left section 
{x < 0) with A = 0, it is just the single particle spectrum 
determined by Hq, which has two bands with the energy 
dispersion 

E± = ^-^i± Jv,^+a^kl (3) 
2m* V 

The energy gap at fc^; = is 2T4. Henceforth we set h— 1. 
When the chemical potential lies in the gap, electrons 
only occupy the lower spin-orbit band at a low tempera- 
ture. To compare with the superconducting spectrum in 



the right section of the nanowire {x > 0), the spectrum 
for the hole Hamiltonian —Hq is also plotted. 

With the non-zero superconducting order parameter 
Aq in the right section, the bulk quasiparticle excitation 
spectrum becomes 

= ?2 + 142 ^ ^2^2 ^ ^2 ^ 2^K'A§ + ?2(v;2 + ^2^2)^ 

(4) 

where e — t^- Around the Fermi surface, a bulk gap 

2Ao is always opened between the middle two bands due 
to the superconducting coupling between the particle and 
hole branches. However, in contrast to a regular s-wave 
superconductor where the minimum energy gap appears 
around the Fermi surface, the minimum energy gap in 
the spin-orbit coupled system may appear at kx = 0. In 
fact, the energy gap at fca; = disappears when 

K = V^AgT^ (5) 

although the supercondu cting or der parameter is 
nonzero. When Vz < ^^Aq + fi'^, the system is in 
a regular s-wave non-topological state without Majo- 
rana fermions. While when > y/^+Jj?, the sys- 
tem is in a topological quantu m state with Majorana 
fermions at a; = 0. Across ■y/A^ + /?j the change of 
the Zeeman field Vz defines a topological phase transi- 
tion from a non-topological superconductor to a topolog- 
ical superconductor^^. For the simplicity of the calcula- 
tion, in the following we consider three different cases: 
(i) n = 0, and Vz > Aq (topological state); (ii) fi = 0, 
and Vz < Aq (non-topological state with one conduction 
band occupied by electrons) ; (iii) fi > Vz (non-topological 
state with two conduction bands occupied by electrons). 
We have confirmed that the results for other parameters 
are similar. 



III. ELECTRICAL CONDUCTANCE OF THE 
NANOWIRE 

The electrical conductance along the nanowire can be 
calculated based on the BTK theor y where the 
wavefunctions at both sides of the potential barrier are 
constructed and matched at a; = 0. We first consider 
cases (i) and (ii) . The wavefunction in the left section of 
the nanowire can be obtained analytically as 
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where t he wavevectors are defined as 

k± ^^2m {md^ ±E^ ^ra^a!^ + ± '2.mcP-E^ , q± = 

2m [ -ma^ T E + ^Jni^a'^ + V]; ± 2vno?E\ . a and 6 



are AR coefficients for the lower and higher bands re- 
spectively, c and d are the corresponding normal reflec- 



tion coefficients. C± = l/\/a^fc| + — Vz T EY and 



i± — l/y oi^q\ + + VzT Ey are the normalization 
constants of the wavefunctions. Since the chemical po- 
tential lies between two spin-orbit bands in cases (i) and 
(ii), there is no plane wave solution for the higher band, 
and decaying wavefunctions have been used in Eq. (6). 
Because of the superconducting proximity effect, analyti- 
cal expressions for the wavefunction in the right section of 
the nanowire are not available. Instead, we numerically 
solve the eigenvalue equations and find the corresponding 
transmitted wavefunction il}{x > 0) for different incident 
particle energy E. 

The wavefunctions s-nd its derivative Vxi^{x) 

should be matched at the interface a; = between two 
sections, where Vx = is the velocity matrix deter- 
mined by the Hamiltonian (1). The reflection and trans- 
mission coefficients are calculated by solving the resulted 
8x8 linear equations for the unknown coefficients. The 
electrical conductance along the nanowire is 



G(i?)= [l + K£;)|2-|c(i?)fl Go, 



(7) 



with a {E) (c (E)) is the Andreev (normal) reflection coef- 
ficient in the lower band of Hq, Gq — /h is the electrical 
conductance of the nanowire without the superconduc- 
tor and the magnetic field. Because the wavefunctions 
in the higher band are evanescent waves when the chem- 
ical potential lies inside the gap between two spin-orbit 
bands, the Andreev and normal reflection coefficients in 
the higher band do not contribute to the electrical con- 
ductance and thus have been neglected. However, the 
higher band wavefunctions on both sides of a; = must 
be included in the calculation for a self-consistent solu- 
tion, where the number of unknown coefficients should 
match with the number of linear equations determined 
by the boundary conditions at a; = 0. In addition, we 
are only interested in AR which dominates the electron 
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FIG. 3: (Color online) Plot of the electrical conductance along 
the nanowire versus the incident electron energy E for differ- 
ent barrier heights. Other parame ters are = 0, a = 2.0, 
Ao = 0.2. (a) K = 0.5 and T4 > ^Ag -|- yfi for the topolog- 
ical state with a Majorana fermion at a; = 0. (b) Vz = 0.1, 
v. < ^A p? for the non-topological state without Majo- 
rana fermions. 



transportation in the superconducting gap region on the 
a: > side, therefore we restrict the incident electron en- 
ergy E less than the minimum quasiparticle energy gap 
in our calculation. 

The dependence of the electrical conductance G (E) as 
a function of the incident electron energy E is plotted 
in Fig. 3 for different parameters. In the calculation for 
Fig. 3b, we restrict to the energy region < £^ < |Ao — 
Vz\ = 0.1 rather than < i? < Aq = 0.2 because the 
minimum quasiparticle excitation gap is |Ao — Vz] (occurs 
at fcj, = when Vz is small), instead of Aq at the Fermi 
surface. In Fig. 3a, the Zeeman field Vz > ■\/Aq + /i^ for 
the topological state that supports Majorana zer o energy 
modes at a; = 0^^, while in Fig. 3b Vz < y/^T^ 
for the non-topological state without Majorana fermions. 
All parameters are re-scaled to dimensionless forms. The 
energy unit for Vz, Z and Ag is chosen as h'^kQ/2m*, 
and the unit for a is fi?k^/2ni* , where kfj is a suitable 
chosen wavevector to match with the experimental values 
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of Aq. For InAs nanowire, the typical parameters are 
TO* ~ 0.04TOe, a - 0.1 eV A, V, - 1 K, Aq - 1 K. As 
mentioned before, /i = has been used in the calculation. 

In Fig. 3, different lines correspond to different values 
of the barrier height Z . For a regular non-topological 
superconductor (Fig. 3b) without the insulating barrier 
{Z = 0), the charge transport in the superconducting 
gap region is dominated by the regular AR. If there is 
no spin-orbit coupling, the degeneracy between spin up 
and down electrons is lifted by the Zeeman field, and 
there is only one single channel for the AR when the 
chemical potential lies in the Zeeman gap. In this case, 
the AR is strongly suppressed and the electrical conduc- 
tance is very small^^. The existence of spin-orbit coupling 
greatly enhances the AR at the finite but the electri- 
cal conductance is still zero dX E = Q when only a single 
spin-orbit conduction band is occupied^, as clearly seen 
from Fig. 3b. For a large spin-orbit coupling, the reg- 
ular AR dominates at the finite E, that is, a (E) ~ 1 
and c (E) ^ 0. Therefore G {E) — 2Go is a constant, as 
observed. With the increasing barrier height Z, the AR 
coefficient a (E) decreases and normal reflection coeffi- 
cient c (E) increases. For a very large Z, the amplitude 
of the AR should be zero {i.e., a (E) ~ 0, and c (E) ~ 1) 
because the incident electrons are reflected completely 
by the high barrier, leading to a vanish G. However, the 
existence of the Majorana zero energy mode at _E = in 
the topological state (Fig. 3a) leads to a resonant AR^, 
which gives a resonant peak at E = even for a large 
barrier height Z. The resonant tunneling (thus the con- 
ductance) is the largest at the zero energy, but decreases 
quickly at the finite energy for a large barrier potential, 
as observed in Fig. 3a. 

In Fig. 4, we plot the conductance peak width (de- 
fined by the energy E"^ with G{Eyj) — Go) with respect 
to the barrier height Z (Fig. 4a) and spin-orbit cou- 
pling strength a (Fig. 4b) for the topological state (Fig. 
3a) with Majorana fermions. We see that as the bar- 
rier height increases, the conductance peak is narrower, 
as expected. When the spin-orbit coupling a increases, 
the conductance peak width is wider and the signature 
of the Majorana fermions is more clear. In a practical 
experiment, we should adopt a large barrier height to 
eliminate the regular AR, and a large spin-orbit coupling 
to enhance the resonant AR induced by the Majorana 
fermions. 

We now consider the case (iii) where the chemical po- 
tential intercepts two conduction bands and there are no 
topological superconducting states. In this case, q± in 
the wavefunction (6) becomes imaginary and there ex- 
ist plane wave solutions for the high spin-orbit coupled 
band. Following similar procedure, we calculate the elec- 
trical conductance and plot it in Fig. 5. In this case, the 
electrical conductance is 2Go for Z = even Sii E — 
because of the two AR channels, which is different from 
that in Fig. 3b for a single AR channel. With the increas- 
ing barrier height Z , the electrical conductance reduces 
smoothly for all E in the gap region, similar as that for 
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FIG. 4: Plot of the conductance peak width (in unit of Go = 
e^//i) as a function of (a) the barrier height Z and (b) the 
spin-orbit coupling strength a in the topological state (e.g.. 
Fig. 3a). The other parameters are Vz = 0.5, Ao = 0.2, 
/i = 0.0. 



a junction between a normal metal and a regular s-wave 
superconductor. 



IV. ELECTRICAL CONDUCTANCE IN A 
SEMICONDUCTOR THIN FILM 

In the above section, we have shown the signature 
of Majorana fermions in semiconductor nanowires in a 
charge transport type of experiment. Note that Ma- 
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FIG. 5: (Color online) Plot of the electrical conductance along 
the nanowire versus the incident electron energy E when the 
chemical potential intercepts two conduction bands, /i = 1, 
a = 2.0, Ao = 0.2, "14 = 0.5 (K < a/^o + A*^ for the non- 
topological state). 
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jorana fermions are also proposed to exist in a two- 
dimensional semiconductor thin film in proximity con- 
tact with an s-wave superconductor and a magnetic 
insulator^ Therefore it is natural and interesting 
to study whether similar transport signature can be 
observed in such a 2D semiconductor heterostructure, 
where the single particle Hamiltonian Hq in Eq. (1) 
should be replaced with 



HT{x,y) = 



2m* 



\t{Px'7y-PyCrx)-Vz(Tz + Z5{x)-^l. (8) 



The energy spectrum of Ht in the momentum space is 
the same as that for the nanowire (Fig. 2) with the sub- 
stitution k + ky. In the 2D semiconductor thin 

film, the perpendicular magnetic field in the nanowire 
(Fig. 1) is replaced with a magnetic insulator in proxim- 
ity contact with the thin film to avoid orbital effects (such 
as unwanted vortices) induced by the magnetic field. On 
the X > side, the thin film is still in contact with an 
s-wave superconductor. In this system, the translational 
symmetry is broken along the x direction but conserved 
along the y direction, therefore ky is a good quantum 
number. 

The electrical conductance of the semiconductor thin 
film heterostructure is calculated following the same pro- 
cedure as that for the semiconductor nanowire. The sys- 
tem can support Majorana zero energy states at the in- 
terface X = Q. The results for the normal incidence, i.e., 
ky = 0, are similar as the nanowire: depending on the 
magnitude of the Zeeman field, Majorana zero energy 
mode exists or disappears, which are characterized by 
the emergence or disappearance of the conductance peak 
at the zero incident energy. Therefore here we only show 
the results for ky ^ 0. 

For certain value of ky, we find that there is a conduc- 
tance peak existing inside the bulk gap (see Fig. 6a) in 
the parameter region Vz > Aq + n^. While the peaks 
vanishes when Vz < \/Ag -t- /i^. However, the peak oc- 
curs at certain finite value of E inside the gap, which is 
different from the peak at i? = for fcj, = 0. The cen- 
ter the conductance peak moves away from E — with 
the increasing ky. This phenomena can be understood 
from the edge states^- at the interface x = 0. In the 
2D heterostructure at x > 0, the edge state at a; = 
has an energy dispersion relation E{ky) inside the bulk 
gap between the particle and hole branches of the BdG 
Hamiltonian (1). The edge state at ky can induce a reso- 
nant AR for electrons with energy around E{ky), leading 
to a conductance peak. In Fig. 6b, we plot the energy 
dispersion for the edge state, which has the following 
properties: (1) the chirality of the dispersion (i.e., in- 
crease or decrease with increasing ky) is determined by 
the sign of the perpendicular Zeeman field; (2) the slope 
of the energy dispersion (i.e., the velocity of electrons in 
the edge state) is determined by the magnitude of the 
Zeeman field: the smaller the magnetic field, the steeper 
the dispersion. We note that these two properties are 
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FIG. 6: (Color online) The electrical conductance in the 2D 
semiconductor thin film, a = 2, Aq = 0.2. (a) Plot of the 
conductance with respect to the incident electron energy E. 
fcy = -0.1. Z = (solid hne), Z = 3 (dashed line), Z = 5 
(dotted line), (b) Edge state dispersion relation E (ky). Sohd 
lines are for = 0.5 and dashed dotted hnes are for |14| = 
0.8. 



the same as that of the Andreev-bound state dispersion 
in the junction composed of a magnetic insulator and 
an s-wave superconductor on the surface of a topological 
insulator^^. 

In a practical experiment, the incident electron beam 
may contain different ky due to the scattering to differ- 
ent angles from the interface, therefore the conductance 
should be the summation over the signals from different 
ky. Since the edge states at other ky also give peaks 
at non-zero E through resonant AR (although the peak 
height does drop slightly with the increasing E) , it is hard 
to extract signals for the Majorana zero energy states. 
Therefore the semiconductor nanowire would be a better 
system for the observation of Majorana fermions than the 
semiconductor thin film in the charge transport type of 
experiments. 



V. CONCLUSION 

In summary, we study the transport properties along a 
semiconductor nanowire which is partially in proximity 
contact with an s-wave superconductor and subject to 
a perpendicular magnetic field. We find that Majorana 
fermions existing in a certain parameter region and at 
the interface between the superconducting and normal 
parts of the nanowire can induce resonant AR, which 
yields a zero energy peak in the transport electrical con- 
ductance. We characterize the properties of the peak for 
different experimental parameters. We show that such 
zero energy conductance peak disappears in a 2D semi- 
conductor thin film with the same setup because of the 
existence of other edge states in 2D. We believe our pro- 
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posed transport experiment provides a simple and ex- 
perimental feasible way for the experimental detection 
of Major ana fermions. Finally, although the calcula- 
tion is done for electron-doped semiconductor nanowires, 
the Majorana fermions induced zero energy conductance 
peaks should also be observable in hole-doped semicon- 
ductor nanowires2^, where Majorana fermions exist with 



a higher carrier density and a lower magnetic field, and 
thus may be more experimentally accessible. 
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